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Abstract—In this study, path loss measurements were per-
formed in a train environment at five frequencies used in present
and future wireless communication technologies, considering
various transmitter (Tx) - receiver (Rx) configurations. First, a
one-slope path-loss model was constructed for each frequency.
Path loss exponents below 1.5 at lower frequencies (∼ 1 GHz)
indicate a waveguide effect, while the influence of the seats on the
propagation at higher frequencies (∼ 2 GHz) results in exponents
larger than 2. Finally, a single, frequency-dependent path-loss
model was fitted to the total data pool, resulting in a model with
a coefficient of determination, R2, of 0.77.
Index Terms—propagation; path loss; frequency-dependent
model; train
I. INTRODUCTION
In a society increasingly dependent on wireless commu-
nication, the railway environment is slowly lagging behind.
A steady data or voice connection in trains is often a prob-
lem, due to the large car-body penetration loss, the frequent
handovers, and the scarcity of track-side base stations in
rural areas. A possible solution to this problem would be
the deployment of a miniature WiFi-like base station (e.g.,
a femtocell) in a train car, to which users can connect directly
instead of to a macrocell base station.
However, studies on propagation characteristics in train
environments are scarce in literature. There have been some
simulation studies [1], and studies on train-to-wayside com-
munication [2], but to our knowledge, there has only been
a single study on path loss measurements in train cars [3],
which considered a frequency of 2200 MHz for intra-car
communication.
The goal of this study is to construct a frequency-dependent
model of the path loss in a train environment. To this
end, path loss measurements are performed in a non-moving
double-decker train car at five different frequencies used in
present and future wireless communications, namely 900 MHz
(Global System for Mobile Communications technology, or
GSM900), 1800 MHz (GSM1800), 2100 MHz (Universal
Mobile Telecommunications System technology, or UMTS),
and 800 and 2600 MHz (Long Term Evolution technology,
or LTE), and are fitted to individual one-slope models for
each frequency to assess whether a trend can be observed.
Finally, the total data pool is then fitted to a single, frequency-
dependent, path-loss model.
Fig. 1. Receiver setup, with a receiver antenna (Rx) mounted on a trolley,
and connected to a spectrum analyzer and a tachometer.
II. MATERIALS AND METHODS
All measurements are performed in a non-moving double-
decker train car, of type M6, built by Bombardier (Montréal,
Canada) and Alstom (Levallois-Perret, France), and put at our
disposal by the NMBS (Nationale Maatschappij der Belgische
Spoorwegen).
The measurement setup includes a transmitter as well as
a receiver part. The transmitted part consists of a transmitter
antenna (Tx) connected to a Rohde & Schwarz SMP22 signal
generator. The receiver part (shown in Figure 1) consists of
a receiver antenna (Rx) connected to a Rohde & Schwarz
FSL6 spectrum analyzer, and a tachometer, which is used
to measure the covered distance. As Tx and Rx, identical,
vertically polarized omnidirectional antennas are used, of the
brand European Antennas, model XPO2V-0.3-10.0/1381.
The Tx is positioned just below the ceiling, at a height of
Fig. 2. On this schematic of the train car’s upper (above) and lower (below) floors, the transmitter (Tx) locations are indicated by red dots. In total, the
Tx was mounted at four positions; two downstairs (at the front, and in the middle), one in the entrance-hallway (on the far left on the schematic), and one
upstairs (at the front).
about 1.8 m above the floor, at locations deemed to represent
suitable locations for wireless stations (shown on Figure 2);
the Tx is placed twice on the first floor (at the front and in the
middle), once on the second floor (at the front), and once in
the entrance-hallway, which has stairs (and plexiglass doors)
going to the two floors. The Rx, in its turn, is mounted on a
trolley, at a height of approximately 1.3 m above the floor, and
is moved on a path along the corridor (the corridor on the same
floor as the Tx, or on both floors when the Tx is positioned in
the entrance-hallway). While moving, samples of the received
power and the travelled distance are collected. In order to
estimate the local mean power, the Rx paths are subdivided
in intervals of length 10 wavelengths, with the average of the
measured power levels over these intervals, denoted as PR,
associated with the centre of the interval [4].
In addition to the corridor measurements described above,
path loss measurements are also performed at 33 of the
66 available seats on the first floor (as seen on the lower
schematic in Figure 2), with the Rx being held in front of the
experimenter sitting on a seat, at a height of approximately
1.3 m above the floor, and the Tx positioned at the front of
the corridor, just below the ceiling. During each of these mea-
surements, 200 samples of the received power are collected,
of which the average received power, PR, is calculated.
Following the received-power measurements, the path-loss
values, PL (in dB), are calculated using the following link
budget:
PL = PT +GT +GR − LT − LR − PR, (1)
with PT (in dBm) the transmitter power (here, approximately
25 dBm), GT and GR (in dBi) the Tx and Rx antenna gains,
LT and LR (in dB) the antenna cable losses.
For each frequency, the results of the various Tx-Rx config-
urations are then combined and used to construct a one-slope
path-loss model [5], [6], which expresses the path loss (in dB)
as a function of the distance d (in m) between the Tx and the
Rx:
PL(d) = PL(d0) + 10n · log10(d/d0) + χS , (2)
TABLE I
PARAMETERS OF THE FITTED ONE-SLOPE MODELS (d0 = 1m) FOR EACH
FREQUENCY
f [MHz] PL(d0) (CI) [dB] n (CI) [-] σS [dB] R2 [-]
800 32.96 (27.74, 38.18) 1.39 (0.82, 1.97) 5.56 0.32
900 33.97 (29.36, 38.57) 1.47 (0.95, 1.98) 4.89 0.40
1800 37.86 (34.44, 41.28) 2.09 (1.72, 2.47) 4.24 0.62
2100 40.74 (37.66, 43.82) 1.94 (1.61, 2.28) 4.03 0.61
2600 41.62 (38.98, 44.35) 2.33 (2.04, 2.63) 3.94 0.71
with PL(d0) (in dB) the path loss at an arbitrarily chosen
reference distance d0 (in m) (here, d0 = 1 m), n the dimen-
sionless path loss exponent, and χS a lognormally distributed
variable, with median 0 dB and variance σ2S , representing
shadow fading.
Finally, the total pool of path-loss results is fitted to a
frequency (f , in GHz) and distance (d, in m) dependent
path-loss model, based on the one-slope and Walfish-Ikegami
models [5]:
PL(d, f) =
PL(d0, f0) + 20 log10(
f
f0
) + 10n(f) log10(
d
d0
) + εS , (3)
with PL(d0, f0) (in dB) the path loss at arbitrarily chosen
reference distance, d0 (here, 1 m), and frequency, f0 (here,
1 GHz), and n(f) the dimensionless path loss exponent, with
assumed linear dependency on the frequency, of the form
n(f) = n0 +m · f, (4)
with n0 (dimensionless) and m (in GHz−1) two parameters to
be fitted. εS is, analogous to the one-slope model of Equation
(2), a lognormally distributed variable, with median 0 dB and
variance ρ2S , representing shadow fading. It should be noted
that, as in the Walfisch-Ikegami model (for LOS conditions),
the coefficient of the log(f) term is assumed to be 20.
III. RESULTS AND DISCUSSION
The parameters of the frequency-specific one-slope models,
i.e., the path loss PL(d0) at d0 = 1 m, the path-loss expo-
Fig. 4. Surface plot of the total path loss model, and scatter plot of the individual path loss measurements. R2 = 0.77.
Fig. 3. Path loss scatter plots and fitted one-slope models for the different
frequencies.
nent n (and their respective 95% confidence intervals), and
the standard deviation σS of the variable χS (see Equation
(2)), are determined through a linear regression analysis of
the calculated path loss samples, and are listed in Table I,
along with their respective R2 (coefficient of determination)
values. A visual comparison of the one-slope models and our
calculations is shown in Figure 3.
PL(d0), the path-loss value at d0 = 1 m, increases
monotonously with the frequency, from approximately 33 dB
at 800 MHz to close to 42 dB at 2600 MHz. The path loss
exponent, n, in general, also increases monotonously with the
frequency. At the lower frequencies of 800 MHz and 900 MHz,
the smaller n, respectively 1.39 and 1.47, are an indication of
the waveguide effect of the elongated metal cage that is the
car. At higher frequencies, the increasing influence of the seats
on the propagation results in larger path loss exponents, e.g.,
2.33 at 2600 MHz.
Compared to [3], we obtain a larger path loss exponent at
2100 MHz (1.9 compared to 1.2-1.6). However, we also find
that the path loss is less than 70 dB throughout the car at this
frequency. Furthermore, the maximum path loss, at 2600 MHz,
is below 80 dB.
The standard deviation σS of the shadow fading variable
χS decreases with frequency, from 5.56 dB for the 800 MHz
model to 3.94 dB for the 2600 MHz model. However, this
trend is probably due to the increasing number of samples,
since there is no mention of a frequency dependency of χS in
e.g., [6].
For the same reason, the frequencies’ respective one-slope
models are increasingly accurate; the R2 increases from 0.32
for the 800 MHz model to 0.71 for the 2600 MHz model.
Finally, using multiple linear regression, the total data
pool is fitted to the frequency-dependent path-loss model of
Equations (3) and (4). The resulting parameters, and their
respective 95% confidence intervals are
PL(d0, f0) = 33.90 (32.32, 35.47) dB,
n0 = 1.19 (0.97, 1.41),
m = 0.41 (0.34, 0.48) GHz−1,
while the standard deviation ρS of the shadow fading variable
εS is 4.30 dB. The coefficient of determination, R2, or our
final model is 0.77, which is better than any of the frequency-
specific one-slope models.
The surface plot of this final path-loss model and the
comparison to the our path-loss calculations are shown in
Figure 4.
IV. CONCLUSION
Considering future developments of wireless communica-
tion services onboard trains, we performed path-loss measure-
ments at five wireless communication frequencies in a double-
decker train car, and fitted them to frequency-specific one-
slope models, as well as a single, frequency-dependent path-
loss model, which accuracy is better than any of the individual
one-slope models. The results further show a waveguide effect
at lower frequencies, and path-loss exponents close to 2 (free
space) at higher frequencies, while the total path loss is less
than 80 dB throughout the train car, indicating that coverage
in a single car using miniature, WiFi-like base stations (e.g.,
femtocells) can be easily and efficiently obtained.
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